A magnetic pulse generator has been set up in order to study gastric activity. Two coils 1.05 m in diameter, arranged in a Helmholtz configuration, were used. The system generated magnetic field pulses higher than 15 mT, of duration 17.3 ± 1.2 ms. Measurements were performed in 11 male volunteers, with average age 29.3 ± 6.4 years and body mass index 26.0 ± 4.8 kg m −2 . Magnetite (Fe 3 O 4 ) particles with diameters from 75 to 125 µm were used as magnetic tracers, which were mixed in 250 ml of yogurt in concentrations from 2 to 5 g. Signals were registered by using a high speed 3 axis fluxgate digital magnetometer and processed to determine the relaxation of the magnetic tracers by fitting a first-order exponential function to the data, a mean relaxation constant κ = 116 ± 40 s −1 was obtained. Also, an average gastric peristaltic frequency was measured; a value of 3.2 ± 0.3 cpm was determined.
Introduction
Studies of biomagnetic fields in human subjects have increased progressively since the pioneering work by Baule and McFee (1963) who detected the magnetic field of the heart. This increasing interest could be due, in part, to the fact that biomagnetic studies represent an alternative technique to extract information on the functioning related to the inner organs of living systems, without invading them.
There are three main sources responsible for the generation of biomagnetic fields in the human body: (i) ion flow inside tissues, (ii) accumulation of ferromagnetic particles in organs and (iii) magnetic tracers in the body. Because the magnetic fields produced by living systems are so weak, between 10 −9 T and 10 −15 T, their detection requires the use of very high sensitive detectors, such as superconducting quantum interference devices (SQUIDs), for measuring the small signals quoted, and induction coils, magneto-resistive sensors and fluxgate magnetometers, whose sensitivity is good enough for detecting magnetic tracers in the body (Williamson and Kaufman 1981) . Also, sometimes the use of shielded rooms or the adaptation of several magnetometers arranged in a gradiometric configuration is necessary to improve the signal-to-noise ratio and allow biomagnetic field detection (Carneiro et al 2000) .
Despite biological magnetic fields being so weak, and their detection being very difficult, nowadays they have a larger number of clinical applications, mainly for the diagnosis of pathologies. For example, they have been used during the past few years for studying the brain, heart and gastrointestinal (GI) system activities, among other organs.
In the GI tract, the magnetic fields are created in two forms: (i) electric currents in the wall of the tract, and (ii) by swallowing magnetic tracers. In GI studies, it is a common practice that the patient under study eats any contrast agent (Giovagnoni et al 2002) , which has a desirable property for the specific technique being used, so that the region under study can be enhanced, and then it can be monitored properly (Kuiken et al 1999) . Carneiro et al (1999) have reported the measurement of stomach motility using the relaxation of magnetic tracers. The measurements by Carneiro et al (1999) were performed with two fluxgates arranged as a first-order gradiometer in a room without shielding. Measurements of antral gastric contractions have been reported by Miranda et al (1997) . Pharyngeal transit time was studied in normal humans by Miquelin et al (2001) . Also, Miranda et al (1992) have published measurements of gastric emptying by using an ac biosusceptometer. Forsman (1994 Forsman ( , 1998 Forsman ( , 2000 measured GI transit, gastric emptying and intragastric movement of solids, respectively, by using fluxgate magnetometers. On the other hand, an analysis of magnetic particle motion within living cells is reported by Valberg and Butler (1987) . They found that the remanent magnetization endowed on living cells is lost through an exponential decay. Signal processing analysis (Miranda et al 1997) and imaging of ferromagnetic tracers into the stomach (Moreira et al 2000) have also been reported.
In this paper results are presented on measurements of relaxation of magnetic tracers swallowed in a test meal composed of a mixture of 250 ml of yogurt and 5 g of magnetic powder, by using one digital 3 axes fluxgate magnetometer in an unshielded environment. The magnetic induction pulses were produced by a Helmholtz coil system.
It is important to stress that besides the magnetic method employed in this work, which was first proposed by Wenger et al (1957 Wenger et al ( , 1961 , there exist several other conventional ways of measuring gastric motility and emptying (Read 1990) . Standard methods include gamma scintigraphy, which allows the emptying of solids and liquids to be carried out simultaneously. Its main disadvantage is the use of radioactive substances, precluding multiple studies in women and children. Radiology, which consists in x-raying the abdomen at regular intervals after ingestion of a radio-opaque marker, allows measurement of the emptying of solids. This method has also been employed successfully for objective explanation of colon constipation (Bouchoucha and Thomas 2000) . However, its main problem is that it carries the risk of significant exposure to x-rays. Also, gastric motility has been routinely studied by intraluminal recording of pressures by a manometry system. Intraluminal pressure is measured by internal pressure transducers or by external pressure transducers linked to fluid filled balloons. However, manometry is clearly invasive and uncomfortable for patients. A detailed revision of these and other standard methods for gastric motility is given by Read (1990) .
The purpose of this study was to demonstrate the feasibility of using a magnetic method for gastroenterology research, to get information on normal human stomach activity. In contrast to some other investigations (Siegel et al 1983) , which deal with radioactive substances, or are uncomfortable for patients (Read 1990) , this work emphasizes the use of a non-invasive tracer, which is not absorbed by the organism.
Theoretical calculations
A theoretical calculation for the magnetic induction inside the Helmholtz configuration was performed. Two identical circular conducting loops of radius a placed at z = ±a/2 and parallel to the x-y plane, were considered. The two loops were connected in parallel one with respect to the other, and the same electrical current I circulated in each of them. For this system the vector potential A(r) is given by
where µ 0 is the magnetic permeability, N is the loops number and j is the density current. After some algebra, equation (1) can be written in cylindrical coordinates (ρ, z) as
By using the relations between the vector potential and the magnetic induction, expressions for both the radial B ρ and the axial B z components of the magnetic induction were obtained
and
An important feature of the Helmholtz coils is the generation of an almost homogeneous axial magnetic field in the central region; this can be observed from the last expression. In this work, only the z-direction contribution was considered to evaluate the homogeneity of field lines; that is, the change in amplitude of the axial component B z from the origin (0, 0) to the point (a, 0). From equation (3b) we obtain
The perceptual variation m of the magnetic induction as a function of the position can be defined as
where c = ρ 4 /a 4 is referred as the inhomogeneity factor.
Materials and methods
The built magnetic stimulator is composed of two magnetization coils with 60 loops of wire no 4 (about 6 mm diameter) bounded in five layers of 12 loops on an aluminium base, which Figure 2. Electronic circuit employed for charging and discharging the system. When the switch S 1 is turned on, the circuit is connected to the source power. After that, when S 2 is turned off, the capacitor bank starts charging. Finally, at the moment that the switch S 3 is turned off, the capacitor bank is discharged.
have 105 cm of diameter and are arranged in a Helmholtz configuration (see figure 1) . The ohmic equivalent resistance of the coils, wire is R e = 260 m , with an equivalent inductance of L e = 0.928 mH. The coils were placed with their axes horizontal, and the whole system has movement in the three axes, x, y, and z. The movements in the x (transversal) and y (vertical) axes are produced with ac motors with integrated reducers, of powers hp = 1/4 and = 3/4, respectively. Each of these two displacements is less than 25 cm, enough to sweep the whole stomach. On the other hand, the z movement (longitudinal) has a maximum of 1.5 m and is performed with a motor of hp = 1/2. Each of these movements is controlled by a personal computer by using LabVIEW environment.
The two coils are connected in parallel and they are energized through a capacitor bank, composed of six cylindrical capacitors, which has an equivalent capacitance C e = 46 mF. The capacitor bank is charged with a voltage of 220 V and its discharge generates a current pulse and therefore a magnetic induction pulse higher than 15 mT in the central region of the system. The duration of the pulse is about 17.3 ± 1.2 ms. The capacitor bank spends 60 s in charging at 100%. Figure 2 shows a schematic diagram of the charge-discharge circuit.
The homogeneity of the magnetic stimulator was tested in the plane x-y, z = 0, by measuring the magnetic induction produced by the system at different points along the ρ axis. A gaussmeter model 2100 from the Magnetic Instrumentation Inc. was used, which has a sampling rate of 100 ms, enough to have an estimation of the homogeneity into the inner region. The probe of the gaussmeter was located along the solenoid axis. For Experimental measurement of the homogeneity variation Theoretical evaluation of the homogeneity variation 
the magnetic induction was obtained. φ 1 is the angle between the solenoid axis and the line that goes from the sensor position to one coil edge, while φ 2 is the angle between the solenoid axis and the line that goes from the sensor position to the other solenoid edge. The experimental measurements of the magnetic induction inside the Helmholtz system are plotted in figure 3 (dashed line) along with the theoretical predictions (continuous line). From this figure it is observed that for distances up to 15 cm out of the center, both the experimental and the theoretical values agree very well, and describe a region with a homogeneity higher than 99%. This region is large enough to allow measurements in a human stomach, whose volume increases on average up to 1500 ml, after eating, without a considerable pressure on its walls.
However, for distances greater than 15 cm, the data diverge quite markedly, which is because the ρ contribution becomes more important when we go farther away from the center, while the theoretical graph, in figure 3, only shows the axial contribution of the magnetic induction.
On the other hand, signals of the remanent magnetization into the stomach were detected in an unshielded environment using one fluxgate magnetometer model 539, from the Applied Physics Systems, with a digital 3 axes output, which can convert and transmit over its serial port all three magnetic field components at a rate of 250 samples/s. Their accuracy and noise level are 0.1 µT and 3 nT p-p, respectively. The data acquisition was performed in LabVIEW 6.1. 
Subjects
Measurements of remanent magnetization in human stomachs were carried out in 11 male volunteers, with ages from 21 to 47 years (mean 29.3 ± 6.4 years), and body mass index 26.0 ± 4.8 kg m −2 , on average. They had no history of gastrointestinal diseases. The measurement protocol was approved by the bioethics committee of the University of Guanajuato. All subjects enrolled in the study gave their informed consent. Figure 5 . Measurements of the stomach mechanical activity in one volunteer at two different tracer concentrations; (a) was taken at a concentration of 2 g, while (c) corresponds to a concentration of 3 g. Well-defined peaks at both concentrations are observed at the peristaltic frequency, (b) and (d). In contrast, the breath shows different frequencies.
Procedure
A test meal composed of a mixture of 250 ml yogurt and magnetite (Fe 3 O 4 ) as a magnetic tracer was used. It was composed of particles having a diameter from 75 to 125 µm, which guarantees that they will not be absorbed by the GI tract (Grabowski 2000) . A fixed protocol was followed for the measurement sequence in each subject. They were required to fast for at least 6 h prior to the ingestion of the test meal. Ten minutes after swallowing the test meal, the subjects were laid down in prone position inside the magnetic stimulator (see figure 1) . A first measurement was performed on the body of the stomach. It took about 5 min. A second measurement was then taken on the region of the antrum. This procedure was repeated 30 min later. In each case the sensor was previously positioned close to the region of interest. Several sets of measurements were performed on each subject on both regions of the stomach at magnetite concentrations from 2 to 5 g. Data were taken at a rate of 10 samples/s.
Signal processing
The signal processing was performed in Matlab 6.5. A low-pass filter at a cut-off frequency of 3.6 cpm was applied for processing the signals in the time-space. This filter is above the gastric peristaltic frequencies reported in the literature and below the respiration activity (Miranda et al 1997) . The gastric peristaltic contractions were observed. A band-pass filter at cut frequencies between 2.4 and 25.2 cpm was then applied to the same signals. In the following a fast Fourier transform (FFT) was performed to determine both the gastric peristaltic contractions and the respiration activity frequencies. The FFT was performed using the algorithm available in Matlab 6.5.
Results
Measurements of the stomach mechanical activity on 11 volunteers allowed the determination of gastric peristaltic frequencies. In figure 4 , results from a typical measurement on the body of the stomach on a volunteer are shown. The measurement was performed 45 min after swallowing the magnetic tracer, and using a tracer concentration of 5 g. Clear peaks at both the peristaltic frequency and the respiration are observed (see figure 4(b) ). Studies on all volunteers gave values for peristaltic frequencies from 2.5 to 3.4 cpm. A mean of 3.2 ± 0.3 cpm was measured. In all cases, changes in the magnetic field amplitude of the order of 30 nT were recorded in the rough signal, while 10 nT were observed at the filtered signal, at about 3 cpm. It is important to stress that gastric peristaltic frequencies showed to be independent of the magnetic tracer concentration (see figure 5 ). Data in figure 5 correspond to a different volunteer than those shown in figure 4. On the other hand, the respiration activity was observed to vary in a range from 14.1 to 23.5 cpm. A mean of 18.1 ± 2.5 cpm was obtained. To measure the relaxation constant κ of the remanent magnetization, which is lost by the stomach peristaltic activity, a fit to a first-order exponential function y = y 0 + A exp(−t/κ) was performed on the magnitude of the magnetic vector, by using Origin 6.0 (see figure 4(a) ). A total of 3000 points in each measurement were registered, at a rate of 10 samples/s. Relaxation constants between 75 and 177 s −1 (mean value 116 ± 40 s −1 ) were obtained. No dependence on the tracer concentration was observed for the relaxation constants, as shown in figure 6 . From this figure it can be seen that κ varies mostly as a function of each volunteer. κ was found to relate to body mass index.
Conclusions and discussion
A magnetic stimulator, which generates pulses higher than 15 mT in about 17 ms, was constructed. The system developed is able to magnetize volume regions as large as 30 cm diameter, with a homogeneity higher than 99%. Studies of peristaltic activity and stomach motility on 11 volunteers were performed, by measuring the magnetic relaxation of tracers swallowed along with a test meal. A mean of gastric peristaltic frequencies of 3.2 ± 0.3 cpm was observed. Peristaltic frequencies are associated with the stomach mechanical activity. Also, relaxation constants, related to the stomach motility, were measured. A mean value of 116 ± 40 s −1 was obtained. These values are in good agreement with previous results published in the literature (Bradshaw et al 2001) .
It is important to emphasize that this biomagnetic modality is an easily used non-invasive technique for gastroenterology research, which has the advantage that it can be used in females.
